Chemotaxis of bacteria requires regulated methylation of chemoreceptors. However, despite considerable effort in the 1980s, transmethylation has never been established as a component of eukaryotic cell chemotaxis. S-adenosylhomocysteine (SAH), the product formed when the methyl group of the universal donor S-adenosylmethionine (SAM) is transferred to an acceptor molecule, is a potent inhibitor of all transmethylation reactions. In eukaryotic cells, this inhibition is relieved by hydrolysis of SAH to adenosine and homocysteine catalyzed by SAH hydrolase (SAHH). We now report that SAHH, which is diffuse in the cytoplasm of nonmotile Dictyostelium amoebae and human neutrophils, concentrates with F-actin in pseudopods at the front of motile, chemotaxing cells, but is not present in filopodia or at the very leading edge. Tubercidin, an inhibitor of SAHH, inhibits both chemotaxis and chemotaxis-dependent cell streaming of Dictyostelium, and chemotaxis of neutrophils at concentrations that have little effect on cell viability. Tubercidin does not inhibit starvationinduced expression of the cAMP receptor, cAR1, or G proteinmediated stimulation of adenylyl cyclase activity and actin polymerization in Dictyostelium. Tubercidin has no effect on either capping of Con A receptors or phagocytosis in Dictyostelium. These results add SAHH to the list of proteins that redistribute in response to chemotactic signals in Dictyostelium and neutrophils and strongly suggest a role for transmethylation in chemotaxis of eukaryotic cells.
S
-adenosylhomocysteine (SAH), the product of the transfer of the methyl group from S-adenosylmethionine (SAM) to DNA, RNA, phospholipids and many small molecules ( Fig. 1) , is a strong inhibitor of transmethylation (1) . The inhibition is relieved in prokaryotes by hydrolysis of SAH to adenine and ribosylhomocysteine (2) , and in eukaryotes by hydrolysis of SAH to adenosine and homocysteine, catalyzed by SAH hydrolase (SAHH) (3) . Because hydrolysis of SAH is reversible, and more favored in the synthetic direction, efficient transmethylation from SAM in eukaryotes also requires removal of adenosine and homocysteine ( Fig. 1) .
Stimulated by the discovery in the mid-1970s that bacterial chemotaxis is initiated by SAM-dependent transient carboxyl-O-methylation of glutamic acid residues in chemotactic ligand receptor proteins (4, 5) , the possibility that transmethylation reactions have a role in the chemotactic response of Dictyostelium and leukocytes was investigated in the early 1980s. Investigators asked whether chemotactic factors increase methylation of proteins, phospholipids, and/or nucleic acids, and whether inhibition of methylation by inhibiting SAHH or adenosine deaminase inhibits chemotaxis. The results of these studies were inconclusive and often contradictory (see Discussion).
In the contemporary view of chemotaxis of Dictyostelium and leukocytes, chemoattractants mediate their effects by binding to transmembrane receptors coupled to heterotrimeric G proteins. Upon receptor activation the G␤␥-subunits are released and initiate a cascade of events that results in the redistribution of specific proteins to either the front or the rear of the polarized cell (6) (7) (8) (9) . Ultimately, the protrusive force of Arp2/3 complexcontrolled assembly of F-actin at the front of the cell drives the leading edge forward, while assembly and activation of myosin II filaments at the back and sides of the cell localizes actomyosin contraction to those regions, initiating retraction and preventing pseudopod formation.
Although current models of chemotaxis have no role for transmethylation, we thought it likely that methylation would be required for the function of one or more of the multiple molecules involved in the signaling or motile events, and that SAHH would be required for efficient transmethylation. Dictyostelium SAHH, a tetramer of 47,000-Da subunits, accounts for Ϸ2% of the soluble protein in vegetative amoebae (10) . There is a single SAHH gene with a deduced amino acid sequence 75% identical to human SAHH (11, 12) and with very similar catalytic activity. Kishi et al. (13) reported that SAHH is sequestered with actin bars in Dictyostelium spores, but that SAHH is diffuse, and not associated with F-actin, in vegetative amoebae (13, 14) . Because most of the components of the chemotactic pathway are spatially and temporally localized, we thought that determining the localization of SAHH in polarized chemotaxing cells might provide evidence for the involvement of transmethylation during chemotaxis.
The results reported in this article confirm that SAHH is diffuse in the cytoplasm of both nonpolarized Dictyostelium amoebae and human neutrophils. Importantly, however, we find that SAHH is concentrated with F-actin at the front of chemotaxing amoebae and neutrophils, and that tubercidin, an inhibitor of SAHH, selectively impairs chemotaxis of Dictyostelium and inhibits streaming of chemotaxing Dictyostelium and chemotaxis of neutrophils. As the only known function of SAHH is to relieve the inhibition of SAM-mediated transmethylation, by hydrolysis of SAH, our results provide strong evidence for a role for SAM-dependent transmethylation during chemotaxis of eukaryotic cells. differentiated chemotaxing cells (Fig. 3A) . GFP-SAHH also localized in pseudopods at the front of living chemotaxing cells [ Fig. 3B and supporting information (SI) Movie 1] . When F-actin in chemotaxing cells was depolymerized by latrunculin A, the polarized cells rounded up and SAHH rapidly diffused throughout the cytoplasm (Fig. 3C) . In contrast to coronin, which also colocalizes with F-actin, SAHH is not present in filopodia or immediately under the plasma membrane at the leading edge (Fig. 3D ).
SAHH and Dictyostelium Chemotaxis. Because, thus far, all attempts to knock out or knock down SAHH have failed, we investigated the effects of tubercidin (7-deazaadenosine), an inhibitor of mammalian SAHH (15), on Dictyostelium chemotaxis. Tubercidin inhibited highly purified FLAG-tagged Dictyostelium SAHH with an IC 50 of 7 M (Fig. 4A) . In vivo, 150 M tubercidin was only mildly toxic to cell growth (Fig. 4B ), did not change the level of endogenous SAHH (Fig. 4C) , and did not inhibit phagocytosis of polystyrene-latex beads (Fig. 4D) or capping of Con A receptors (data not shown).
Importantly, however, although tubercidin-treated cells migrated individually toward the chemoattractant (cAMP) in the micropipette assay ( Fig. 5A and SI Movies 2 and 3), the cells were less polarized, exhibited more lateral pseudopods, and moved more slowly than control cells. Moreover, in both the micropipette assay and the under-agarose assay (Fig. 5B) , the cells failed to align into the head-to-tail streams characteristic of uninhibited cells. Inhibition of cell streaming was not caused by inhibition of expression of the cAMP receptor (cAR1) during the 5-h starvation period (Fig.   5C ), although, interestingly, tubercidin-treated cells showed a sustained expression of cAR1 and the presence of a cAR1 doublet (the phosphorylated and unphosphorylated forms of the receptor). Tubercidin-treated cells also showed the same cAMP-mediated increase in F-actin (Fig. 5D ) and the same adenylyl cyclase activity (Fig. 5E ) as control cells under basal conditions and with addition of Mn 2ϩ (a measure of nonregulated activity) or GTP␥S. Taken together, these findings establish that tubercidin is not generally toxic to Dictyostelium cells and does not affect cell differentiation. Tubercidin does, however, impair chemotaxis of individual cells and cell streaming.
SAHH and Chemotaxis in Neutrophils.
Immunolocalization with an antibody specific for human SAHH (Fig. 6A) showed that, as in Dictyostelium, SAHH is diffuse in the cytoplasm of nonpolarized neutrophils ( Fig. 6B ), concentrates with F-actin at the front of polarized neutrophils that are exposed to a uniform increase of the chemoattractant formyl-methionyl-leucyl-phenylalanine (fMLP) (Fig. 6B ), but does not localize with F-actin immediately under the plasma membrane (Fig. 6B ). Exposure of neutrophils to 100 M tubercidin for 2 h at 37°C had only a small effect on cell viability (Fig. 6C ), but strongly inhibited chemotaxis (Fig. 6C ).
Discussion
We have shown that SAHH localizes at the front of chemotaxing neutrophils and Dictyostelium cells, and that tubercidin, an inhibitor of SAHH, impairs chemotaxis in both cell types. Moreover, we found that tubercidin severely inhibits streaming of Dictyostelium cells. Streams of cells are formed during chemotaxis in response to secreted cAMP signals, which have been proposed to occur at the rear of cells where adenylyl cyclase is enriched (16) . Cells align in a head-to-tail fashion as the signal is propagated through neighboring cells. Interference with this signaling cascade, for example, in adenylyl cyclase null cells (17) , inhibits streaming with minor effects on chemotaxis of individual cells. As we have shown that tubercidin does not affect adenylyl cyclase activity, we reason that it may block streaming by interfering with either the proper localization of adenylyl cyclase or the secretion of cAMP at the rear of polarized Dictyostelium cells. Tubercidin may have additional effects because chemotaxis of individual cells appears to be impaired more by tubercidin than in adenylyl cyclase null cells. Speculatively, chemotaxis of neutrophils, as measured in this study, could also be enhanced by similar signaling pathways that are blocked by tubercidin.
As the only known function of SAHH is to facilitate transmethylation, the unequivocal localization of SAHH with F-actin at the front of chemotaxing cells and the inhibition of chemotaxis by the SAHH-inhibitor tubercidin are strong circumstantial evidence for a role for methylation in chemotaxis in both Dictyostelium and neutrophils. However, what is methylated and by which transmethylase(s) have yet to be determined.
More than 20 years ago, it was suggested that cAMP and other chemotactic agents stimulate transient methylation of phospholipids (18) in Dictyostelium, but it was also reported (18) , to the contrary, that cAMP stimulates transient demethylation of phospholipids. Similarly, carboxylmethylation of proteins was reported both to be (19) (20) (21) (22) and not to be (23) associated with chemotaxis. Since then, the possible role of methylation in Dictyostelium chemotaxis has remained dormant.
In leukocytes, some, but not all, inhibitors of phospholipid methylation were found to inhibit fMLP-induced chemotaxis (24) (25) (26) (27) (28) , but, paradoxically, fMLP itself was found to inhibit (not enhance) phospholipid methylation (29) (30) (31) . Although fMLP has been reported to have no effect on the level of protein carboxylmethylation in leukocytes and macrophages (27, 28) , except perhaps transiently (25, 26, 32, 33) , some inhibitors of protein carboxylmethylation have been reported to inhibit chemotaxis (25, 26, 33) , whereas others did not (26, 27) . In at least one study, neither chemotactic agents nor transmethylation inhibitors affected methylation of nucleic acids (25) . From these varied results, it would seem that if, as our results indicate, methylation is essential for normal chemotaxis of Dictyostelium and neutrophils, it is likely to be methylation of a specific phospholipid, protein or nucleic acid that is obscured by methylation of a larger pool that is unaffected by chemotaxis.
Recently, two distinct actin zones, with different properties and functions, have been recognized at the front of migrating epithelial cells (34) : the lamellipodium, a narrow band of rapidly polymerizing and depolymerizing actin at the leading edge and in filopodia, which may serve to explore and respond to the environment, and the lamella, an overlapping larger area whose expansion may provide the driving force for movement (35) . It is noteworthy that, in both Dictyostelium and neutrophils, SAHH is absent from the region that may correspond to the lamellipodium of epithelial cells, but localizes with actin in the region that may correspond to the lamella.
Because both SAHH and Tyr-53-phosphorylated actin are associated with actin bars in Dictyostelium spores, but neither is associated with F-actin in vegetative cells, it was reasonably speculated (13, 14) that SAHH may bind to Tyr-53-phosphorylated actin. However, we find that purified GFP-SAHH does not bind to either phosphorylated or unphosphorylated actin (unpublished observations), and we find no phosphorylated actin in chemotaxing Dictyostelium (36) .
In summary, our findings establish that SAHH is asymmetrically distributed in polarized, chemotaxing cells. Furthermore, an inhibitor of SAHH, strongly, and specifically, impairs both chemotaxis of neutrophils and chemotaxis and chemotaxisdependent cell streaming in Dictyostelium. Therefore, transmethylation of substrate(s) at the front of chemotaxing cells, a process that appears to be conserved throughout eukaryotic evolution, appears to be required for proper chemotaxis.
Materials and Methods
Plasmids. Standard methods were used for synthesis of SAHH cDNA by using SAHH-specific primers based on the sequence published by Kasir et al. (12) , with additional SacI and XhoI restriction sites on the ends: forward primer, GCGGAGCT-CATGACTAAATTACACTACAAAGTT; reverse primer, GCGCTCGAGTTAATATCTGTAGTGATCAACTTTGTA-TGG. The cDNA was subcloned into pTX-FLAG and pTX-GFP vectors, which have N-terminal FLAG and GFP, respectively (37) . All sequences were confirmed. The plasmids were introduced into WT Dictyostelium AX3 cells using a gene pulser (Bio-Rad, Hercules, CA) (38) .
Cells. Dictyostelium AX3 cells were grown in HL5 medium containing 60 g/ml penicillin and streptomycin at 21°C (39) , and transformed cells were selected in the presence of 12 g/ml G418 in the same medium. Peripheral human neutrophils were isolated from heparinized whole blood as described (40) , using dextran sedimentation and differential ultracentrifugation over Histopaque 1077 (Sigma/Aldrich, St. Louis, MO). Residual red blood cells were removed with three rounds of hypotonic lysis with 0.2% and 1.3% saline. Purified neutrophils were treated for 20 min with 2 mM diisoflurophosphate and kept on ice in modified Hanks' balanced salt solution (10 mg/ml glucose, 150 mM NaCl, 4 nm KCl, 1.2 mM MgCl 2 , 20 mM Hepes, pH 7.5, containing protease inhibitors) until use.
Electrophoresis and Immunoblots. SDS/PAGE was conducted by standard procedures (41); neutrophil samples were ultrasonicated for 1 min to reduce their viscosity before SDS/PAGE. Gels were stained with Coomassie blue or proteins were transferred electrophoretically to nitrocellulose membranes that were immunoblotted with one or two antibodies: 10-fold diluted monoclonal SAHH antibody supernatant (Developmental Studies Hybridoma Bank, Iowa City, IA) for Dictyostelium SAHH; 1,000-fold diluted rabbit anti-GFP (AB 3080; Chemicon, Temecula, CA); 1,000-fold diluted rabbit anti-actin (A-2066; Sigma); 10-fold diluted rabbit anti-cAR1 antibody (42); 10,000-fold diluted mouse anti-human SAHH (gift from M. S. Hershfield, Duke University, Durham, NC). Secondary antibodies goat IRDye800 anti-rabbit IgG (Rockland Immunochemicals, Gilbertsville, PA) and Alexa Fluor 680 goat anti-mouse IgG (Molecular Probes, Carlsbad, CA) were used at 10,000-fold dilution and visualized with the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE) (36) .
To analyze the time course of expression of cAMP receptor, cAR1, during development, cells were washed and resuspended in developmental buffer (5 mM Na 2 HPO 4 , 5 mM KH 2 PO 4 , 2 mM MgSO 4 , 200 M CaCl 2 , pH 6.2) at 2 ϫ 10 7 cells per ml. The cells were pulsed with 75 nM cAMP (final concentration) at 6-min intervals (43) , and samples were taken at 1-h intervals for SDS/PAGE. Fluorescence Microscopy. Indirect immunofluorescence microscopy was performed as described (44) . For localization of SAHH in Dictyostelium, cells were fixed in Ϫ20°C methanol containing 1% formalin for 5 min and incubated with undiluted SAHH hybridoma antibody, followed by 750-fold diluted FITCconjugated goat anti-mouse IgG (Molecular Probes). To compare the localization of F-actin and coronin, and F-actin and SAHH, cells expressing GFP-SAHH or GFP-coronin (gift from P. N. Devreotes, The Johns Hopkins University, Baltimore, MD) were fixed and incubated with 500-fold diluted rhodaminephalloidin (R-415; Molecular Probes).
For localization of SAHH in neutrophils, cells in modified Hanks' balanced salt solution were plated in a chambered coverglass that had been precoated with 0.05% gelatin, incubated at room temperature for 10 min, and 10 Ϫ6 M fMLP (BioChemika 47729; Sigma/Aldrich) was added to induce differentiation. Cells were fixed with 1% formaldehyde, 0.1% glutaraldehyde, and 0.01% Triton X-100 in 5 mM Na 2 HPO 4 , 5 mM NaH 2 PO 4 , pH 6.2, at room temperature for 15 min, washed three times with PBS containing 10% FBS and 0.02% sodium azide for 5 min, incubated for 60 min at 37°C with anti-human SAHH antibody diluted in the same buffer supplemented with 0.2% saponin, and washed, and 750-fold diluted FITCconjugated goat anti-mouse IgG (Molecular Probes) was added. For colocalization of SAHH and F-actin, after staining with antibodies, the cells were incubated with 500-fold diluted rhodamine-phalloidin. Confocal microscopy was performed on a LSM-510 laser scanning fluorescence microscope (Zeiss, Thornwood, NY) equipped with a Plan apoX63 oil objective.
Tubercidin Treatment. For Dictyostelium viability, 10-150 M tubercidin (T-0642; Sigma) was added to cells at a concentration of 2 ϫ 10 6 cells per ml, and cells were counted in a hemocytometer after 24 h. For neutrophil viability, 2 ϫ 10 7 cells per ml were incubated in 100 M tubercidin on ice for 2 h, and at 37°C for 1.5 h, and diluted 10-fold before counting. For all biological assays, Dictyostelium and neutrophils were pretreated with 150 M tubercidin for 24 and 2 h, respectively, and kept at the same concentration of tubercidin throughout the assay. All assays were repeated at least three times.
Chemotaxis Assays. The micropipette assay of cAMP-induced Dictyostelium chemotaxis was performed as described (45) . Cells in developmental buffer were repeatedly pulsed with 75 nM cAMP (final concentration for each pulse), while shaking at 100 rpm, harvested and resuspended in phosphate buffer, and placed in a small spot on a chambered coverslip, and a chemoattractant gradient was generated with a microinjector (Eppendorf, Hamburg, Germany) connected to a micropipette filled with 1 M cAMP. Migration was recorded at 10-s intervals with the timelapse acquisition software of a LSM-510 and a laser scanning fluorescence microscope (Zeiss) or an inverted Axiovert S100 microscope (Zeiss) and processed with IP-Lab software. The under-agarose assay (0.5% agarose in developmental buffer containing 1 mm caffeine) of Dictyostelium chemotaxis was as described (46, 47) with cells and streams visualized with a DM IL stereoscope (Leica, Deerfield, IL).
Neutrophils were incubated on ice for 2 h at 37°C with and without 100 M tubercidin and chemotaxis assayed as described (48) . Neutrophils (100 l, 2 ϫ 10 7 cells per ml) were placed in the upper chambers of a modified Boyden chamber (Corning catalog no. 3421; Transwell, Acton, MA), and 600 l of buffer, with or without 100 nM fMLP and/or 100 M tubercidin, was placed in the lower chamber. After 1.5 h at 37°C, the number of neutrophils that had migrated through the filter from the upper to the lower chamber was counted in a Coulter (Fullerton, CA) counter.
Phagocytosis. The rate of uptake of fluorosceine isothiocyanateconjugated, 1-m polystyrene-latex beads (Polysciences, Warrington, PA) was quantified by measuring the fluorescence intensity at excitation and emission wavelengths of 485 and 520 nm, respectively, using a LS55 luminescence spectrometer (PerkinElmer, Wellesley, MA) (49, 50) .
Actin Polymerization. The time course of actin polymerization after addition of 1 M cAMP to differentiated cells (3 ϫ 10 7 per ml) in 10 mM phosphate buffer (pH 6.2), 2 mM MgSO 4 , and 3 mM caffeine was determined as described (51) . Cells were fixed and stained in buffer containing 3.7% formaldehyde, 0.15 Triton X-100, 250 nM TRITC-phalloidin, 20 mM potassium phosphate, 10 mM Pipes, 5 mM EGTA, and 2 mM MgCl 2 , pH 6.8. F-actin was quantified by measuring TRITC-phalloidin fluorescence with a LS55 luminescence spectrometer.
Purification of SAHH. Dictyostelium FLAG-SAHH was purified by FLAG-affinity chromatography on an anti-FLAG antibodyconjugated resin (Sigma) eluted with 0.1 mg/ml FLAG-peptide (EZ Biolab, Inc., Westfield, IN) (52).
Enzyme Assays. SAHH activity was assayed by the rate of homocysteine production determined by the conversion of dinitrothionitrobenzoic acid to thionitrobenzoic acid (53) . The data were fit to zero-order kinetics by using an extinction coefficient of 13,600 M Ϫ1 ⅐cm Ϫ1 for thionitrobenzoic acid. Adenylyl cyclase activity was stimulated in Dictyostelium cells with pulses of 75 nM cAMP (final concentration after each pulse), and adenylyl cyclase activity was assayed (54) by the conversion of [␣-32 P]ATP to radiolabeled cAMP purified by sequential chromatography over Dowex 50W X-4 (Dow Chemical, Midland, MI) and alumina columns (55) .
